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Abstract 
In this paper the fire temperature model and thermal-force performance model of composite beams has been establishment by a 
FORTRAN77 program, which is based on FDS simulation and the analysis of coupled relationship between thermal and mechanical 
performance. Through the program mentioned above, the temperature, the shear force, bending moment, deformation and displacement of 
two layers of composite beams in fire was simulated. The results showed that: in the single room fire, the upper beam is generally positive 
fire area; maximum displacement generally appear in the middle of the structure positive fire area; for two frame structure, the risk of 
thermal injury prone point is in the adjacent area of the fire or diagonal regional. 
© 2014 The Authors. Published by Elsevier Ltd. Selection and peer-review under responsibility of the Academic Committee 
of ICPFFPE 2013. 
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Nomenclature 
T temperature 
q            heat 
E           compression strength 
Greek symbols 
ε             comprehensive radiation coefficient
σ            Boltzmann constant 
φ shape coefficient 
η            confining pressure coefficient
Subscripts 
c convective heat transfer 
r             radiation  heat transfer 
1. Introduction 
For the standard indoor fire, in the good ventilation and sufficient fuel conditions, the majority fire will develop from 
initial combustion stage to full combustion stage and accompanied by flashover. When the fire developed to full combustion 
stage, the brick and large span steel construction will collapse easily in the action of high temperature, strong thermal 
radiation and rapid spread flame, so that will lead to greater disaster and accident. Even in the general case of fire, the load-
bearing capacity of building components will be affected. For example, the silicate brick will begin to decompose at 300-
400ć; some other non-combustible materials like granite will be easy to burst when it is sprayed by cold water at high 
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temperature; the steel structure will loss the static equilibrium stability at about 500ć; etc. A huge number of buildings in 
China suffered fire every year. In the fire, little buildings collapsed, but majority buildings should take a damage assessment 
and repair after the fire. So knowing the cumulative damage mechanism of concrete structure after fire has realistic 
significance for providing a theoretical foundation and scientific basis for the damage assessment of concrete structure. 
 At present, the study for high-temperature performance, internal force distribution and temperature change process of 
concrete structure in the single room fire is mature. For example, Rong tao LI graded and evaluated the fire burst danger of 
concrete structure; Tian qi LÜ, Jiang tao YU, etc had done a lot of experimental and theoretical studies for the microscopic 
structure and mechanical properties of concrete structure after fire. Some researchers in China had done some high-
temperature tests for concrete statically indeterminate structure. Xu dong SHI, etc in Tsinghua University analyzed the 
deformation of the frame and redistribution of the internal force through the heated reinforced concrete frame test. For 
multi-layer concrete framework, this paper established a coupled model between fire temperature field and components’ 
thermal analysis and studied the building structure’s stress, load bearing and deformation in the transient temperature field 
by using FDS and FORTRAN77 language program. This paper also showed the performance degradation’s essential reason 
of the building structure in the fire. 
2. Physical Model 
For convenience of the study, four single rooms whose size is X=3m, Y=6m, Z=3m are set to be a two-layer and two-
span continuous framework model. The column base connection of the model is rigid joint and the floor height is 3m, as Fig 
1 shows. The (2), (3), (4) and (5) beams whose sectional dimension is 300mm×360mm divided the room into two layers. 
The (1), (6), (7), (8), (9), (10) pillars whose sectional dimension is 300mm ×300mm are vertical distribution and the spacing 
between two pillars is 3.6m. 
3. Mathematical Model and Basic Method  
3.1. Calculation Process and Procedures 
Fire is always sudden and severe. The change of actual temperature field and thermal boundary conditions is nonlinear, 
so the building structure may be burst at any stage of the fire. Using the standard temperature rising curve or the steady-state 
temperature field of ISO834 to describe the fire environment of the components, the structure’s under fire condition and 
refractory performance analysis have a big difference with the actual situation. This paper used FDS to simulate the single 
room fire and got the fire scene and the regular pattern between temperature and time through indirect coupling and 
FORTRAN77 program. Components’ load bearing, stress and deformation is solved in this temperature field conditions. Fig 
2 shows the specific processes. 
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Fig. 1. a schematic plan view of a multi-frame structure                                                   Fig. 2. Heat and stress calculation flow of composite beams 
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3.2. Thermal-Mechanical Coupled Model of Structure 
The core algorithm of the mixture combustion model in FDS is explicit predictor-corrector scheme. The mass fraction of 
combustion reactants and products is got from the mixture fraction by “State Relations”. The flue gas flow is simulated as 
big eddy of “Smagorinsky” form. Through simulation and fitting analysis, we can get the empirical expression of 
temperature field in the position of components. In the fire environment, the components will exchange heat with 
environment by convection and radiation. The flue gas convection heat is: 
( )c g bq a T T                                                                                                 (1) 
Where: a  is the convective heat transfer coefficients; bT is the surface temperature of beams. 
The radiation heat is: 
4 4( )
r g bq T TIHV                                                                                         (2) 
Where: I is the shape coefficient; H is the comprehensive radiation coefficient;V is Boltzmann constant. The composite 
beams is indoor fire and X<<Y, so it’s interior can be seem as two-dimensional temperature field which is continuous, 
isotropic and no internal heat source. So the heat conduction equation in the X-Z section of the composite structure is: 
( ) ( )c c c
T T T
t x x z z
U O Ow w w w w w w w w w                                                                       (3) 
Where: the thermal conductivity 1.9 0.00085c TO    (20≤T ≤800ć). WhenT ≥800ć, 1.22 / ( )c W mO  ć . The 
total input energy outside will transform into elastic strain energy and damage energy of the material. Considering the 
thermal damage, the thermal-mechanical coupled model tZ of the damage variable under the tensioned state is: 
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Where: biV  ( i =1,2,3)is the principle stress in three principle stress directions; iH ( i =1,2,3)is the corresponding principle 
strain; t: is the energy dissipation of the internal units when the material is destroyed completely. bU  is the equivalent 
elastic strain energy. The energy dissipation 
c: which is the required energy that the internal units of the material is 
fractured sheared scales linearly with confining pressure, and 
c: will change  when the material is under force load at high 
temperature. 
( ) (1 ) cT:  / :                                                                                      (5) 
Where: /  is thermal damage variable which is got by fitting the compression test on concrete at difference temperatures. 
=1- ( )/E T E/                                                                                              (6)        
The compression strength formula of concrete at high temperatures in references [7] is: 
( ) [1.027 1.335( )]
1000
TE T E                  ( 200 )T d ć                                            (7) 
2( ) [1.335 3.371( ) 2.382( ) ]
1000 1000
T TE T E      (200 600Td d ć                                         (8) 
According to the virtual work principle, we can obtain the displacement of any point on the structure through the axial 
extension strain of the section, the average shear strain and the average axial curvature. The displacement is: 
N Qd Md F d F dT O K'                                                                                 (9) 
Where: M , NF  , QF  is the bending moment, axial force and shear force under the temperature and static loads on the 
section. 
4. Simulation Results and Analysis 
We computed the refractory performance of the framework which is made up by beams and pillars on the conditions that 
area(1) and (4) is fired and the framework is under gravity. The fire in area(1) and (4)is rapid growth and the max heat 
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rating is 1.6MW. In this fire scene, we used FDS to simulate the temperature field of the framework. The simulation results 
is as follows. 
                                     
Fig. 3. the indoor temperature distribution when t = 300s                       Fig. 4. the indoor temperature distribution when t = 900s 
Fig 3 is the indoor temperature distribution when t=300s. From the figure, we can know that the concrete floor up the 
beams is positive under fire and the heat transferred from the flue gas to the structure’s surface through convection and 
radiation. After 300s, the surface temperature is about 93K which is far less than the calculating result of standard 
temperature rising curve: 0 345 log(8 1)T T t  u u   (about 300K). Fig 4 is the indoor temperature distribution when 
t=900s. As the same, when t=900s, the surface temperature of the concrete floor up the beams is about 200K, but the 
calculating result of standard temperature rising curve has already more than 1000K. So the simulation results have a big 
difference with the actual situation. In order to get the accurate surface temperature distribution of the components and 
analyze the influence of fire on the mechanical properties of structure, we used FORTRAN77 program to fit the surface 
temperature distribution of the beams and pillars and to calculate the shear force, deformation, bending moment and 
displacement of the framework further. Some parameters involved in calculation are shown in table 1. 
Tab 1. the parameters involved in calculation 
 
Compression 
Strength  
E/MPa 
Confining 
Pressure 
Coefficient 
η 
Shape 
Coefficient 
ø 
Radiation 
Coefficient 
ε 
Boltzmann 
Constant 
/w·m2·K-4 
Density 
/Kg·m-3 
Fired face 35 0.116 1.0 0.56 25x10-8 2.2x103 
Unfired face 35 0.116 1.0 0 9x10-8 2.2x103 
 
When area 1 single room constituted by beam(2) and pillar(1),(8) is in fire, the displacement curve of beams at t=3600s 
is shown as Fig 5. From Fig 5,we can see the mid-span displacement of beams and pillars from (1) to (10) are: 0, -90.35, -
78.14, -99.48, -103.72, -107.68, -75.12, -78.15, -103.72, -99.48. Since the compression strength of concrete is high, the max 
bending moment point corresponded by the max stress point is the most dangerous point of the structure. The bending 
moment diagram of beams when t=3600s is shown as Fig 6. From Fig 6, we can see that the max bending moment 
M=4868.55 appears in the middle of beam(5). So the most dangerous point is midpoint of beam(5). 
                                                  
Fig. 5. displacement curve when t = 3600s (area 1in fire)                                            Fig. 6. bending moment diagram when t = 3600s (area 1in fire) 
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When area 4 single room constituted by beam(3),(5) and pillar(6),(9) is in fire, the displacement and bending moment of 
beams is shown as Fig 7 and 8. From Fig 7 and 8,we can know that both the max mid-span displacement point and max 
bending moment point are in the middle of beam(5). When area 4 is fired, the rigidity of beams and pillars in this area 
dropped. So the max displacement also appears in beam(5) as area 1 in fire. 
                                                   
Fig. 7. displacement curve when t = 3600s (area 4 in fire)                                           Fig. 8. bending moment diagram when t = 3600s (area 4 in fire) 
5. Conclusion  
Through fire scene simulation and analysis of thermal-mechanical coupled  for composite beam structure, we can get the 
following conclusions. 
(1) In the single room fire, the upper beam surface is always the fired face. The pillars’ surface temperature is low and 
uneven. And the pillars’ surface temperature has a big difference with the calculating temperature of standard temperature 
rising curve. 
(2) Area fired will cause rigidity degradation of beams and pillars in this area so that the up-beam’s mid-span 
displacement will increase dramatically. 
(3) For two-layer framework, no matter area 1 or 4 is in fire, the max bending moment point corresponded by the max 
stress point is in the middle of beam(5). The displacement in the middle of beam(5) is also high. So the most dangerous 
point is in the middle of beam(5). 
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